Cardiovascular disease (CVD) is a well-recognized complication of diabetes. Although the association of type 2 diabetes with CVD has been well described, the mechanisms, risk stratification and screening strategies of CVD in type 1 diabetes (T1D) are less understood. This review aims to evaluate recent literature and guidelines regarding CVD in T1D. At the cellular level, the early stage of CVD is characterized by endothelial dysfunction. Recent studies have shown that endothelial function is unaffected in younger T1D patients but there is a significant degree of endothelial dysfunction in the older T1D population compared with healthy age-matched controls, highlighting the importance of the endothelial dysfunction in T1D as a major age-dependent cardiovascular risk factor. T1D risk assessment tools have been developed similar to those seen in type 2 diabetes. Foremost among these are the Danish Steno Type 1 risk engine, the Swedish T1D risk score, the Scottish T1D risk score and the QRISK risk calculator. The latter risk prediction tool is used for all patients but contains T1D as an independent risk variable and has the advantage of being derived from, and validated in, a large and diverse population. The latest version (QRISK3) is likely to be recommended for routine use in T1D patients in upcoming guidelines by the National Institute of Clinical Excellence. Mortality in adults with T1D is increasingly due to CVD. This is driven by hyperglycaemia-mediated oxidative stress and vascular inflammation, resulting in atherosclerosis and cardiac autonomic neuropathy. Coronary artery disease is the most significant contributor to CVD and in T1D, has a propensity towards a more silent and severe form. Routine screening of coronary artery disease does not alter outcomes and is therefore not recommended; however, risk prediction tools are being developed to aid identification of high-risk individuals for aggressive risk factor modification strategies. Cardiovasc Endocrinol Metab 8:28-34 Copyright
Introduction
Cardiovascular disease (CVD) is a term that encompasses a number of conditions affecting the heart and major blood vessels. This review will focus on the effects of type 1 diabetes (T1D) on coronary artery disease (CAD); however, there is significant overlap between the disease process of CAD, cerebrovascular disease and peripheral vascular disease (PVD).
The prevalence of T1D is increasing worldwide and CVD is a major cause of mortality in T1D. Although acute diabetic complications such as ketosis and hypoglycaemia are more likely to cause death in younger T1D patients, CVD begins to predominate as patients become older [1] . With life expectancy in T1D ever-increasing, there is no longer a significant disparity between mortality from CVD in T1D and type 2 diabetes (T2D). A WHO multinational cohort study found that CVD accounted for 44% of deaths in T1D compared with 52% in T2D [2] . This public health issue affects both sexes, with a recent Danish study of 4821 T1D patients demonstrating that CVD was the main cause of death in 31 and 30% of men and women, respectively [3] .
Although there have been numerous studies describing the relationship between CVD and T2D, there are far fewer for T1D. This is despite evidence that the relative risk (RR) of CVD in patients with T1D is ∼ 10 times that of the general population [4] . This review will analyse the literature surrounding the mechanisms, risk assessment and screening of CVD in T1D.
Mechanisms
Vascular dysfunction is the hallmark of CVD and its pathophysiology in diabetes can be broadly categorized as endothelial dysfunction and chronic vascular inflammation which result in atherosclerosis and subsequent vascular obstruction. In the macrovasculature, this leads to CAD, PVD and cerebrovascular disease, whereas in the microvasculature such as the vasa nervorum, cardiac autonomic nerve conduction is disrupted leading to an autonomic neuropathy that contributes significantly to cardiovascular morbidity and mortality.
Endothelial dysfunction
The vascular endothelium is a complex metabolically active organ which plays a crucial role in vascular homoeostasis. Endothelial dysfunction is the deleterious change in autoregulatory endothelial physiology, resulting in impaired paracrine signalling between the vascular endothelium and smooth muscle cells. These changes are thought to be the precursor to the development of atherosclerosis.
Numerous studies have shown that patients with T1D are more likely to have endothelial dysfunction. This is thought to be due to a direct effect of hyperglycaemia on the endothelium. The postulated mechanism is discussed later in this review. In vitro, arteries harvested from normal rats, which were subsequently exposed to exogenous hyperglycaemia, exhibit attenuated endothelial-dependent relaxation [5] . In vivo, studies have also supported this notion by demonstrating that hyperglycaemiamediated by oral glucose loading, diminishes endothelial function in diabetic and nondiabetic patients [6] .
In a study of 30 T1D patients with a mean age of 46 years compared with 25 nondiabetic controls with a mean age of 57 years, flow-mediated dilatation (a measure of endothelial function) was found to be reduced in the T1D groups [7] . Such differences in endothelial function are not detectable in a study of younger patients with T1D with a mean age of 21 years [8] . Aging is characteristically associated with abnormalities of the vascular smooth muscle and endothelium that promote endothelial dysfunction. Thus, although younger T1D patients appear to be unaffected by endothelial dysfunction, older T1D patients appear to be more at risk than their nondiabetic counterparts.
Vascular inflammation and atherosclerosis
Chronic vascular inflammation is now recognized to be the basis of diabetic vasculopathy and atherosclerosis. The latter is no longer considered to be simply a disorder of lipid metabolism. Vascular inflammation precedes the discovery of lipid laden plaque and this results in cytokinemediated monocyte recruitment, which accumulate in the subendothelial layer of the intima where they differentiate into macrophages. Inflammatory cytokines upregulate the expression of macrophage scavenger receptors which facilitate the phagocytosis of low-density lipoprotein (LDL) [9] . Inflammatory cytokines also downregulate expression of cytoplasmic cholesterol transporters resulting in lipid accumulation within the macrophages, giving them a histological foamy appearance. When these foam cells accrue, a fatty streak develops and is covered by a smooth muscle cap where it may remain in this state until a plaque rupture event occurs. As vascular inflammation is so pivotal in atherosclerosis, there has been significant work to determine how T1D patients develop chronic vascular inflammation.
A unifying theory suggests that hyperglycaemia itself causes both endothelial dysfunction and vascular inflammation through a number of distinct metabolic processes involving oxidative stress.
Role of oxidative stress
In endothelial cells, glucose can pass freely through the plasma membrane in an insulin-independent manner. Intracellular hyperglycaemia promotes a number of pathways, including mitochondrial production of the reactive oxygen species superoxide (O 2 − Hyperglycaemia not only promotes endothelial dysfunction but can also lead to vascular inflammation by encouraging the production of proinflammatory cytokines. Intracellular glucose is converted to the plasma membrane-associated secondary messenger diacylglycerol that activates protein kinase C. Subsequently, the post-transcriptional factor, NF-κB, is stimulated to promote the expression of proinflammatory genes.
Chronic hyperglycaemia also activates the polyol pathway, resulting in sorbitol and fructose accumulation which leads to the formation of advanced glycosylation end products. The nonenzymatic modification of plasma proteins causes a number of complications including: (1) alteration of enzymatic activity, (2) interference of receptor recognition, (3) generation of reactive species and proinflammatory cytokines. The resulting advanced glycosylation end product collagen cross-linking leads to increased vascular stiffness, systolic hypertension and reduced myocardial compliance [10] .
Cardiac autonomic neuropathy
Cardiac autonomic neuropathy (CAN) is a microvascular complication that results in impaired cardiac autonomic function. It is a powerful predictor of cardiovascular mortality due to the increased risk of arrhythmias, silent myocardial infarctions (MIs) and sudden cardiorespiratory arrest. A meta-analysis of 15 studies of CAN, with follow-up mortality data, showed that the pooled estimated relative mortality risk was 3.45 [95% confidence interval (CI): 2.66-4.67, P < 0.001] [11] . CAN in T1D is thought to occur due to a combination microvascular disease of the vasa nervorum and neuronal oxidative stress, leading to diminished autonomic nerve conduction [12] . Sympathetic and parasympathetic involvement results in a sympathovagal imbalance. The subclinical phase manifests as decreased heart rate variability, whereas the early clinical phase of CAN is characterized by a resting tachycardia. In the advanced stage, there is loss of postural heart rate reflexes, hypertension, exercise intolerance, QT prolongation with arrhythmia, left ventricular dysfunction, reduced sympathetically-mediated coronary vasodilation and silent myocardial ischaemia.
Noninvasive assessment of CAN involves cardiovascular autonomic reflex tests. Parasympathetic dysfunction can be assessed by measuring the heart rate variability seen in deep breathing and postural changes. Sympathetic dysfunction can be tested by measuring the blood pressure (BP) response to a postural change and to isometric exercise such as sustained handgrip.
In a study of 195 diabetic patients, the prevalence of CAN was 62% in patients with T1D, compared with 39% with T2D. CAN was diagnosed (according to the CAN subcommittee of the Toronto Consensus Panel) as the presence of at least two abnormal cardiovascular autonomic reflex tests. The most significant predictors for the presence of CAN were age, diabetes duration, haemoglobin A1c (HbA 1c ), peripheral neuropathy and carotid intimal medial thickening on ultrasonography [13] .
Diabetic autoimmune myocarditis
A recent study suggests that the post-MI period in diabetic patients may differ between T1D and T2D. The study used newly developed assays to investigate levels of cardiac autoantibodies post-MI in T1D, T2D and control patients. Following a mean duration of 4.5 years, cardiac autoantibody titres were found to be elevated in 15 (83%) of 18 T1D patients, whereas only 3 (15%) of 20 T2D patients and 3 (4%) of 78 healthy control participants. It has therefore been postulated that T1D patients are not only more likely to experience CVD, but are at risk of experiencing a post-MI inflammatory autoimmune myocarditis. The resulting MRI-detectable scarring and oedema may reduce left ventricular systolic function with corresponding prognostic implications [14] . This provides a potentially exciting line of future investigation and management.
Risk assessment
By the time they are diagnosed, half of all patients with T2D will show signs of complications [15] . T1D, in contrast, is diagnosed at a much earlier age, providing greater scope for risk factor modification in preventing recognized cardiovascular complications. This is particularly important as the life expectancy of patients with T1D is ever-increasing and diabetes is itself a major risk factor for CVD, the onset of which occurs 10-15 years earlier than in nondiabetic controls [16] .
Risk prediction helps to identify patients with a high likelihood of future CVD events. In these patients, primary prevention measures prevention measures should be considered to modify the risk profile.
Risk prediction
Although there are specific scoring tools to estimate the 10-year risk of CVD in T2D patients such as the UK Prospective Diabetes Study risk engine [17] , there have been a lack of corresponding validated risk prediction tools specific to T1D. The 2013 European Society of Cardiology (ESC) guidelines specifically recommend that risk assessment tools developed for the general population should not be used to assess cardiovascular risk in the diabetic population [18] . Consequently, new risk prediction models specific to T1D patients have been developed. A recent Danish study described a prediction model for estimating the 5-and 10-year cumulative risk of a CVD event (defined as CAD, CVD, heart failure or PVD) in T1D. Following observation of 4306 T1D patients over a 12-year period, the model was derived from a Poisson regression analysis of data collected on relevant risk factors. The final model includes 10 risk factors: age, sex, diabetic duration, systolic BP, LDL cholesterol, HbA 1c , albuminuria, glomerular filtration rate, smoking and exercise. External validation of this model was performed using a different population of 2119 patients with T1D. The 5-year CVD event was found to be highly accurate, with a concordance statistic of 0.826 (95% CI: 0.769-0.839) [19] . Fewer than 19% of the validation cohort were followed up for 10 years. Therefore, the validation was only performed for 5-year CVD risk prediction. Another limitation of this risk engine is that the model was based on patients of predominately Danish ancestry (>90%). It is not clear if this model will be as accurate in other countries with more diverse ethnicities.
Another risk prediction model for T1D is the Swedish T1D risk score [20] . In this observational study, 3661 T1D patients between the ages of 30 and 65 years were assessed for 5 years between 2002 and 2007 to determine risk factors for CVD. The eight variables used to elaborate a risk equation for 5-year CVD risk were: diabetic duration, age of onset, log ratio total cholesterol : high density lipoprotein (HDL) cholesterol, log HbA 1c , log systolic BP, smoking, macroalbuminaemia and previous CVD. The model produced a concordance statistic of 0.83, with a sensitivity and specificity of 72 and 77%, respectively. This model was validated on a separate cohort of 4484 patients giving a concordance statistic of 0.8 and a sensitivity and specificity of 62 and 77%, respectively. Similar to the Danish Steno risk engine, this model requires validation in different populations.
Although many risk prediction models are limited by small sample sizes, a risk prediction model has recently been devised using the Scottish National dataset, containing data on 26 
The most widely used CVD scoring system in the UK is the QRISK predictive algorithm, which estimates the 10-year risk of developing CVD. The second iteration of the algorithm (QRISK2) was updated in 2008 to include additional risk factors such as T2D. Since then, it has been updated annually and now includes T1D as a separate independent variable. The latest version (QRISK3) has recently been validated by the original developers of the QRISK score using Cox proportional hazards models in a large cohort study of over 7.8 million primary care patients [21] . CVD was defined as angina, MIs, transient ischaemic attacks and strokes; it is important to note that PVD was not included as an end point. The mean predicted risks and observed risks matched closely. Given such a large sample size, the study is likely to be representative of the population. The latest National Institute of Clinical Excellence (NICE) guidelines advocate the use of QRISK2 for assessing CVD risk in all nondiabetic and T2D patients between the ages of 40-84 years. A score of greater than 10% over 10 years is considered high risk, with primary measures recommended (Table 1) . However, when NICE published these guidelines in 2014, the QRISK2 score did not include T1D as a separate variable. Therefore, NICE recommend the use of any scoring tools in assessing CVD risk in T1D [22] . Consequently, NICE recommends a personalized CVD risk assessment of patients with T1D by assessing each patient's individual risk factor profile. A recent NICE surveillance report suggests that the next iteration of revised guidelines is likely to endorse the use of QRISK3 in T1D risk assessment [23] . Our understanding of the modifiable risk factors in the context of T1D is outlined below.
Hypertension
Systemic hypertension is more common among patients with T1D than age-matched and sex-matched controls (43 vs. 15%, P < 0.001) [24] .
Hypertension has been shown to have a linear relationship with the risk of CAD and stroke. This is due to the deleterious effects of mechanical stress and sheer-related injury on the vasculature that increase endothelial dysfunction and promote plaque rupture, respectively. Chronic hypertension also increases left ventricular afterload resulting in hypertrophy. The resulting reduction in ventricular compliance causes diastolic heart failure.
Although there are no large randomized clinical trials comparing the outcomes of antihypertensive therapy in T1D patients, there is a general consensus that BP should be strictly controlled. There is a general consensus that BP in T1D should be strictly controlled. This largely comes from extrapolation of trials involving T2D, which showed that stricter BP control reduced macrovascular complications. However, the recommended target BP differs in various guidelines. The American Diabetes Association 2014 guidelines recommend a target BP of less than 140/80 mmHg, but a position statement in 2017 has suggested that patients with T1D and T2D should have a BP target of less than 140/90 mmHg. Furthermore, these guidelines recommend lifestyle modification for patients with a BP of more than 120/80 mmHg and initiating pharmacological therapy if the BP exceeds 140/90 mmHg. An angiotensin-converting enzyme (ACE) inhibitor or angiotensin receptor blocker (ARB) were recommended as first-line treatments. If the initial BP is at least 160/100 mmHg, initial pharmacological therapy with two antihypertensive agents is recommended [25] .
NICE guidelines instead recommend a target BP of less than 135/85 mmHg (unless there is coexisting albuminuria or two or more features of metabolic syndrome, where the target is less than 130/80 mmHg) [21] .
ESC guidelines from 2013 recommend a BP target of less than 140/85 in all diabetic patients. As these patients often have nocturnal hypertension, administration of antihypertensive agents should be considered at bedtime (ideally after evaluation of a 24-h ambulatory BP profile). ACE inhibitors or ARBs are recommended as first-line treatments [18] .
The National Heart, Lung and Blood Institute and the American Diabetes Association (ADA) recommend BP assessment in each clinic visit and aiming for a target of less than 130/80 mmHg. Lifestyle modifications alone are recommended for patients with a BP greater than 120/80 mmHg while those greater than 140/80 mmHg are treated with ACE inhibitors or ARBs.
Hyperlipidaemia
Hyperlipidaemia is an important modifiable risk factor for the onset of CVD. Lipid metabolism is affected in T1D as insulin deficiency reduces the activity of lipoprotein lipase, resulting in elevated triglyceride levels and lower HDL-C. Triglyceride concentration is a particularly strong CVD predictor in diabetes [26] . Patients who have well-controlled diabetes have serum lipids similar to the general population; however, it has been reported that even when absolute lipid levels are normal, the apolipoproteins of T1D patients are potentially more atherogenic as they are cholesteryl ester-enriched [27] .
Although there is no trial data on the efficacy of statins in the younger population with T1D, a meta-analysis of 14 randomized trials investigated the effect of cholesterol lowering in 1466 T1D patients with a mean age of 55 years. After a mean follow-up of 4.3 years, there was a lower CVD rate ratio (RR) in the T1D group receiving cholesterol reduction therapy versus the control group (RR = 0.79; 95% CI: 0.62-1.01) [28] .
NICE guidelines recommend considering statin therapy in all adults with T1D, while statins should be routinely offered to any adult meeting any of the following criteria:
(1) aged older than 40 years, (2) diabetic duration more than 10 years, (3) established nephropathy, (4) have other CVD risk factors. The recommended initial starting drug and dose is atorvastatin 20 mg. Patients with established CVD are recommended to be treated with atorvastatin 80 mg without the need for a formal risk assessment. NICE do not recommend routinely offering fibrates, nicotinic acid, bile acid sequestrants or omega-3 compounds in patients with T1D.
National Heart, Lung and Blood Institute and ADA guidelines recommend diet control and fasting lipid levels every 2 years in patients with low-risk lipid profiles, aiming for a LDL less than 2.6 mmol/l and non-HDL-C of less than 3.4 mmol/l. Patients with high-risk lipid profiles were recommended to be commenced on statin therapy with a target LDL less than 2.6 mmol/l for primary prevention and LDL less than 1.8 mmol/l for secondary prevention.
Smoking
Smoking is a well-recognized major risk factor for all types of CVD by causing chronic vascular inflammation and endothelial dysfunction. The adverse effects of smoking are particularly notable in PVD and CAD. A comparison of international registries has demonstrated a varying prevalence of smoking in T1D patients in different countries. The prevalence of smoking was found to be 10% in the USA T1D Exchange Registry and 24% in the Prospective Diabetes Follow-up Registry in Germany. This likely reflects differences in antismoking public health policy. The majority of T1D smokers were under the age of 50 and had a male preponderance across all ages (12 vs [29] .
Glycaemic control
Long-term glycaemic control is an important predictor of CVD events. Even after adjusting for age and other traditional risk factors, HbA 1c correlates closely with risk of CVD. The 10-year DCCT trial demonstrated that glycaemic control was the most significant modifiable univariate risk factor for CVD [30] . Interestingly, the extent of atherosclerotic plaques determined by intravascular ultrasound has been shown to correlate closely with mean HbA 1c collected prospectively over 18 years after adjustment for total cholesterol and age (P < 0.05) [31] . Glycaemic control has also shown to be an extremely important modifiable predictor of the development of CAN [32] . NICE guidelines recommend measuring the HbA 1c every 3-6 months with a target level of less than or equal to 48 mmol/mol (6.5%) to minimize the risk of long-term vascular complications [22] . The ADA recommends monitoring the HbA 1c every 3 months, with a target level of less than or equal to 7.0%.
Guidelines for addressing modifiable risk factors have been proposed by NICE (Table 1) . Here, they suggest addressing risk factors if the 10-year QRISK2 score for CVD is greater than 10% with the aim of reducing risk to less than 10%.
Screening
Early aggressive CAD and silent presentation have made CVD the leading cause of death among patients with diabetes. compared with T2D, CVD in T1D is more likely to present insidiously and have a more significant index disease severity [4] . Consequently, screening of CAD in asymptomatic T1D patients has been the subject of intense interest.
Effective screening relies on the screening population having a premorbid phase which is easily detectable by widely available investigations with a high degree of accuracy. CAD screening is problematic due to the difficulty in identifying and quantifying atherosclerotic plaque. A resting ECG is often normal despite the presence of severe CAD if there is no ischaemia at rest. Exercise ECGs have similarly been shown to be an unreliable predictor of CAD [33] due to a low sensitivity (70%) and specificity (75%) [34] . Other investigations, such as stress echocardiography and myocardial perfusion imaging are not widely available, highly interpreter dependent and usually involve the injection of stressor and radionucleotide compounds, respectively. Invasive catheter coronary angiography is also unsuitable for population screening due to the significant resources and personnel required. Furthermore, the inherent procedural risks outweigh any potential benefits.
Computed tomography scanners are now widespread and offer a non-invasive detailed assessment of the coronary anatomy. In all symptomatic patients, NICE now recommend computed tomography coronary angiography (CTCA) as the first-line investigation [35] . Consequently, recent studies have investigated whether CTCA screening of asymptomatic T1D patients is beneficial.
In the Factor-64 trial [36] , 900 asymptomatic T1D and T2D patients with no prior CAD history and a disease duration of at least 3 years, were randomly assigned to CTCA screening or standard guidelines-based (nonscreening) diabetic care. Patients found to have severe CAD were recommended to undergo invasive coronary angiography, while those with moderate disease recommended to have functional stress imaging assessment using adenosine or regadenoson. At a mean follow-up of 4 years, the primary outcome event rates (mortality, nonfatal MI or hospitalization for unstable angina) were not significantly different between CTCA (6.2%) and control groups (7.6%). This highlights that the identification and treatment of asymptomatic CAD does not significantly change the clinical outcome.
These findings correlate with data relating to non-diabetic patients in whom screening of CAD in asymptomatic individuals is not recommended [37] . Consequently, ESC guidelines now rate the screening of a silent MI in an asymptomatic high-risk diabetic patient as a class IIb indication with level of evidence rating of 'C' (indicating that the benefits are likely to outweigh the risks but there is low quality of evidence to support the implementation). Nevertheless, it is worth noting that a negative CTCA has been demonstrated to be an excellent predictor of good prognosis in asymptomatic diabetic patients. In a prospective screening study of 525 patients between 2005 and 2013, the event rate (all-cause mortality, nonfatal MI or late revascularization) with a normal CTCA was found to be just 3% [38] .
The presence of CAD on computed tomography has also been shown to increase the likelihood of certain microvascular complications, suggesting a common pathogenesis. In a recent Canadian study, 69 long-standing T1D patients underwent coronary artery calcification scoring by CTCA and the incidence of microvascular complications assessed. Patients with high coronary calcium scores (≥300 Agatston Units of coronary calcium) were found to have an increased incidence of microvascular complications such as largenerve fibre neuropathy and retinopathy when compared with age-matched and sex-matched comparator group of 73 patients without diabetes who underwent the same investigations [39] .
Conclusion
CVD is the principal cause of death in T1D adults with disease duration over 20 years. Diabetic vasculopathy is driven by hyperglycaemia-mediated endothelial dysfunction and vascular inflammation, which lead to the development of atherosclerosis and autonomic dysfunction.
Among the subtypes of CVD, CAD predominates and the prognosis in T1D is more unfavourable than in T2D due to an increased likelihood of involvement of all three coronary territories with severe and often silent disease. This is due to a more adverse risk profile (greater diabetic duration and increased likelihood of hypertension) together with an increased propensity of developing cardiac autonomic neuropathy.
Routine screening of asymptomatic patients is currently not recommended, as this does not alter clinical outcomes and the first line UK CAD screening test (CTCA) involves radiation exposure. Current guidelines do not differentiate the screening or treatment of diabetic patients from their nondiabetic counterparts, despite the added risk conferred by the diabetic status.
In the future, T1D risk prediction tools may offer a valuable insight on those who are found to be particularly high risk. Once identified, these patients may warrant further clinical work up in specialist Cardiology clinics to precisely determine the best clinical course. New prediction models based on T1D populations, have recently been developed using Danish (Steno type 1 risk engine), Swedish and Scottish registries. Although potentially valuable in aiding risk stratification, these risk engines are limited by relatively small sample sizes, limited population diversity and a lack of external validation, respectively. The NICE QRISK calculator overcomes these challenges; however, until recently, has not been recommended in the cardiovascular assessment of the T1D patients. Updated guidelines are likely to recommend use of the new QRISK3 calculator in T1D.
